The effect of surfaces on the optical properties of GaAs nanowires is evidenced by comparing nanowires with or without an AlGaAs capping shell as a function of the diameter. We find that the optical properties of unpassivated nanowires are governed by Fermi-level pinning, whereas, the optical properties of passivated nanowires are mainly governed by surface recombinations. Finally, we measure a surface recombination velocity of 3 ϫ 10 3 cm s −1 one order of magnitude lower than values previously reported for ͕110͖ GaAs surfaces. These results will serve as guidance for the application of nanowires in solar cell and light emitting devices. © 2010 American Institute of Physics. ͓doi:10.1063/1.3519980͔
The effect of surfaces on the optical properties of GaAs nanowires is evidenced by comparing nanowires with or without an AlGaAs capping shell as a function of the diameter. We find that the optical properties of unpassivated nanowires are governed by Fermi-level pinning, whereas, the optical properties of passivated nanowires are mainly governed by surface recombinations. Finally, we measure a surface recombination velocity of 3 ϫ 10 3 cm s −1 one order of magnitude lower than values previously reported for ͕110͖ GaAs surfaces. These results will serve as guidance for the application of nanowires in solar cell and light emitting devices. © 2010 American Institute of Physics. ͓doi:10.1063/1.3519980͔
Semiconducting nanowires ͑NWs͒ are a topic of intense research as they offer the opportunity to explore properties of one-dimensional electronic systems. The understanding and the mastering of the electronic properties of such onedimensional systems are essential to achieve high efficiency devices. In particular, with the increase of the surface/volume ratio, the electronic properties of NW based devices become strongly dependent on the surface electronic states that can alter their electronic properties. Two main surface effects are reported in literature: surface states can act as recombination centers for free carriers 1,2 or as surface charged traps. 3, 4 The first effect has recently been quantified by an original optical method for silicon NWs. 5, 6 The surface charge traps induce a pinning of the Fermi-level at the surface. A depletion shell appears and the electronic channel available for carriers is narrowed. Experimental proof of this effect in semiconducting NWs was observed by photoconductivity or capacitancevoltage measurements. [7] [8] [9] [10] In this letter, we present our results on the influence of surfaces on GaAs NWs measured by low temperature microphotoluminescence ͑-PL͒ spectroscopy. A systematic comparison is done between unpassivated NWs and those that were capped with a shell of Al 0.4 Ga 0.6 As. Moreover, we take advantage of the tapered shape of the NWs to understand the role of diameter and surface/volume ratios in the luminescence efficiency. We demonstrate that capping directly modifies the recombination velocity and that passivated NW electronic properties are governed by surface recombinations, whereas, unpassivated NWs are strongly depleted by the Fermi-level pinning at the surface induced by charged surface trap states. This work will serve as a guidance for the passivation of the NW surfaces, which is of crucial importance for applications in laser and solar cell technology.
11
GaAs NWs were synthesized by molecular beam epitaxy. The growth conditions are described elsewhere. [12] [13] [14] The NWs have a prismatic shape and exhibit a pure zincblende GaAs crystal structure oriented along the ͑111͒ direction. Surfaces are ͕110͖ oriented. 15, 16 The NWs are extremely long ͑16 m͒ and present a tapered shape ͑diameters go from 140 nm at the base to 70 nm at the tip͒. We investigated two samples which differ only by the presence or absence of a capping shell around the GaAs core. This shell is composed of a 4 nm Al 0.4 Ga 0.6 As layer, which acts as an electronic barrier for the carriers generated in the NW core. This shell is surrounded by a 4 nm GaAs layer to protect the Al 0.4 Ga 0.6 As layer from oxidation. The optical properties of single, capped and uncapped NWs were explored along the NW by continuous-wave and time-resolved -PL ͑TRPL͒ spectroscopy at liquid helium temperature. In the continuous-wave -PL experiments, the NWs were excited via a semiconductor laser diode emitting at 780Ϯ 10 nm. The luminescence was detected and analyzed by the combination of a grating spectrometer and Si-charge coupled device. Mapping of PL was performed by moving the sample in an x-y grid with a step size of 200 nm and acquiring the individual spectrum at each position. In TRPL experiments, single NWs were excited at 3.09 eV with a frequencydoubled Ti-sapphire laser. The PL signal was detected by a standard streak camera setup. NWs were cooled down in contact with a cold finger. In both setups, samples were scanned below a confocal objective with piezopositioners. NW diameters were measured either by atomic force microscopy ͑AFM͒ or scanning electron microscopy ͑SEM͒. Figure 1 compares the continuous-wave -PL of capped and uncapped NWs. An AFM scan of a substrate region presenting 4 uncapped NWs is shown in Fig. 1͑a͒ . From the measured height, we extract the diameter along the NW axis. In Fig. 1͑b͒ , a mapping of the -PL signal of the NWs pertaining to the same region is presented. One should note that the luminescence signal is mainly observed at the base of the NW and the PL line, corresponding to the radiative recombination of free excitons in pure zinc-blende GaAs crystal. An example of the integrated intensity of a capped NW is presented in Fig. 1͑c͒ . There, signal is detected along the whole NW length, though a decrease of intensity is observed from the NW base to the tip. Representative values of the intensity profiles along the NW axis for capped and un- capped NWs are plotted in Fig. 1͑d͒ . As the NWs are tapered, the curves also represent the diameter dependence of the PL integrated intensity. One can confirm that uncapped NWs exhibit luminescence only at the base while capped NWs are luminescent along their entire length. In particular, for uncapped NWs, PL signal is reduced to the noise level for diameters below a critical value of ϳ100 nm.
To further understand the influence of surfaces and interfaces on the optical properties of the NWs, we performed spatially resolved TRPL on the capped and uncapped NWs. Figure 2͑b͒ shows an example of the dynamic response of the PL spectrum at the two extremities of a capped NW. The PL intensity decay time is clearly longer for the thickest extremity. The inverse lifetime as a function of the inverse radii is reported in Fig. 2͑c͒ for three different capped NWs. According to Ref. 6 , the mean slope of the gray dashed lines is linked to the surface recombination velocity ͑SRV͒ of the NWs. One should note that in the case of uncapped NWs, we measure SRV while the capped the recombination velocity corresponds to the GaAS/AlGaAs interface. To simplify the following, we will denote them in both cases of SRV. From this figure, we extract an SRV of 2.9ϫ 10 3 Ϯ 2 ϫ 10 3 cm s −1 and a volume lifetime of 2.5Ϯ 1.5 ns for capped NWs. This latter value is close to the typical carrier lifetime in bulk GaAs that demonstrates the high quality and purity of the GaAs crystal. Concerning the SRV, the value obtained here is one order of magnitude lower than the values reported for ͕110͖ surfaces, 17, 18 and only one order of magnitude higher than values reported for ͕100͖ GaAs surfaces passivated with an Al x Ga 1−x As layer:
19 ͕100͖ surfaces are known to present lower densities of surface states and are easier to grow in high quality. It is important to note that the SRV reported here is state-of-the-art not only for the passivation of GaAs NWs, but also concerning the passivation of ͕110͖ GaAs surfaces. It corresponds to a density of surface recombination centers of ϳ10 12 cm −2 ͑S ϳ v th n traps where v th =4ϫ 10 6 cm s −1 is the thermal carrier velocity, ϳ 10 −15 cm 2 is the typical surface trap cross section and n traps is the surface trap density͒. Uncapped NWs PL decay times are smaller than 30 ps, which would correspond to SRVs higher than 10 5 cm s −1 if electronic properties of uncapped NWs were governed by surface recombinations.
Now we turn to a more detailed discussion on the role of surface recombination in the diameter dependence of the PL intensity. Indeed, the existence of a critical diameter below which no PL signal is detected for uncapped NWs ͓Fig. 1͑d͔͒ cannot be explained by the existence of surface recombination even with SRV as high as 10 5 cm s −1 . Calarco et al. 9 observed similar a behavior from photoconductivity experiments and explained this by the existence of surface charge traps that exchange charges with the semiconductor. Such traps can act as donors or acceptors depending on the Fermi level in the semiconductor. As a consequence, the Fermilevel is pinned 20 and a depletion shell appears at the surface ͑as depicted in the inset of Fig. 3͒ . At the limit where the radius of the NW is smaller than the depletion length, radiative recombinations are suppressed. For a clearer illustration of the role of surface depletion on the diameter dependent PL in capped and uncapped NWs, we plotted the PL intensity as a function of the diameter in a semilogarithmic plot shown in Fig. 3 . The scattered points are experimental data from passivated and unpassivated NWs. The intensity is normalized by a geometrical factor ͑ϳr 2 ͒ that takes into account the volume reduction. The solid lines correspond to the theoretical diameter dependence of the PL intensity in three extreme cases: ͑i͒ absence of surface related effects ͑volume͒, ͑ii͒ prevalence of surface recombination and ͑iii͒ prevalence of surface band bending with a depletion thickness of ϳ50 nm.
The clustering of the experimental data for the uncapped NWs around the line showing the effect of the surface band bending clearly demonstrates that optical properties of uncapped NWs. These are well described by the Fermi-pinning at the surface that induces a depletion shell near the surface. The depletion shell is mostly affected by the charge trap surface density. In planar geometry, a depletion thickness of 50 nm corresponds ͓taking a barrier energy of the pinning of 0.5 eV ͑Ref. 21͔͒ to a charge trap surface density close to ϳ10 12 cm −2 that is in agreement with values reported for GaAs native oxidized surfaces. 22 To conclude, we report -PL experiments at a single NW level that compare luminescence intensity and the dynamics of uncapped and capped NWs. We have measured an SRV of 2.9ϫ 10 3 cm s −1 at the interface between the GaAs core and the Al 0.4 Ga 0.6 As shell that corresponds to the stateof-the-art for ͕110͖ surfaces. We have also extracted a volume recombination carrier lifetime of ϳ2. 2 ͒ resulting from a reduction in NW volume is already separated off. The curves correspond to the case of pure volume recombinations ͑black͒, pure surface recombinations ͑green͒ and to the case of surface band bending with volume recombinations ͑red͒. We added experimental data corresponding to passivated and unpassivated NWs. Data are normalized to the intensity of a NW diameter of 200 nm. The inset is a schematic view of the depletion shell induced by a surface charge traps.
